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IT TAKES MORE THAN JUST CURRENT AND
OPERATIONS TO SPECIFY A RELAY

Lee 0. Woods, Project Engineer, Appliance Control Products Dept.
General Electric Co., Morrison, Illinois

INTRODUCTION
Probably the most widely used but least understood
starting device for hermetic motors is a current
relay. Literally millions of these are used very
successfull y every year. In fact, there is a tendency to sort of "take them for granted" and never
really try to understand why they work and, on that
rare occasion, why they don't work.
All electro-mag netic relays could be called current
relays because they do have electric current flowing
through their coils in order to create magnetic
fields. For the purposes of this paper however, a
current relay is defined as an electro-mag netic
relay whose coil is in series with the main winding
of a-motor so as to carry the same c~rrent as the
main winding (Fig. 1). The contacts of the relay
are in series with the start, or auxiliary, winding
so as to make, carry, and break this current. If
the motor utilizes a start capacitor then the contacts handle that also (Fig. 2).
CONSTRUCTION
The constructio n of a typical current relay is
shown in Fig. 3. When sufficient current flows in
the coil the plunger rises to gather in more of the
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Fig. 4 shows a set of typical motor performance
curves which have some effect on relay operation.
The torque and main winding current curves are
shown at room temperature and at a nominal line
voltage. As the winding temperature increases or
as the voltage decreases the curves will shift to
the left. Since the relay contacts are normally
open, the relay must pickup before the start winding
can be energized. This means that the current in
the main winding, at hot temperature and low voltage,
must be sufficient to pickup the relay plunger
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For a complete understandi ng of how a current relay
performs with a single phase induction motor, it is
necessary to examine the motor characteris tics, the
relay characteris tics, and their interaction s.
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MOTOR CHARACTERISTICS
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flux. This movement compresses the spring against
the cap, which is crimped on the sleeve. When the
compressed spring force overcomes the pull of gravity, the sleeve head pulls up on the bridge assembly,
closing the contact circuit. Further movement of
the plunger compresses the spring more, increasing
the contact force until an equilibrium condition is
reached. Decreasing the current in the relay coil
reverses this action.
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RELAY PULL AND LOAD CURVES

CURRENT RELAY
MOUNTED ON COMPR~SSOR

The relay characteristics can best be understood
by examining a set of pull and load curves (Fig. 5).
For a given number of turns on a specific relay
design, a family of pull curves can be plotted.
Force to move the plunger is plotted against the
position of the plunger for each of several currents. These force curves all pass through zero
at the magnetic center of the coil; reach a maximum at some distance away; and become asymptotic
to zero as the distance becomes large.
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A typical load curve is also shown in the same
figure. These are the forces which oppose the pull
of the magnetic field but for comparison they are
shown in the same direction. In other words, the
excess of the pull above the load is what is available to accelerate the plunger. In order to pickup
the plunger assembly the pull must be above point
'A' on the load curve. In order to dropout the
plunger assembly, the pull must be below point 'B'
on the load curve. These pull curves are drawn with
the assumption of a steady current. The oscillations due to alternating current will be discussed
later in this paper.
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Some observations that can be made from these
curves are:
assembly. As the motor approaches running speed
the main winding current decreases. If the relay
is to dropout and disconnect the start winding, the
main winding current must drop below the dropout
calibration of the relay with extreme conditions of
voltage, temperature, and torque. Once the contacts
open, the main winding current will normally decrease
even further to the curve showing that current vs.
speed without the start winding.

1.
2.
3.

Operating on a relatively flat portion of
the pull curve means a narrow differential
relay.
Increasing the weight of the plunger
assembly requires more current but a
steeper pull curve is available.
The static weld breaking force is equal to
the weight of the plunger assembly.
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Contact gap and differe ntial are
directl y related .
Contact force is a functio n of the gradien t
of the plunger assembl y spring and the
shape of the pull curve.

DYNAMIC OPERATION
Althoug h the pull and load curves are very useful
in underst anding relay operati on, they do not tell
the whole story about the operati on of a current
relay applied to a hermeti c compres sor. Referri ng
back to Fig. 3 one can see that the plunger assembl y
is a fairly complic ated spring-m ass vibratin g
system. The plunger and the bridge assembl ies are
indepen dent masses coupled by a spring. The movement
of the plunger is restric ted between the top of the
bridge and the upper stop in the case. Since the
complet e operati on of pickup and dropout is complet ed
in a fraction of a second, the plunger is never
complet ely still during this sequenc e. The instantaneous positio n and force vectors on the plunger
become more importa nt than the steady state
conditi ons.
Fig. 6 shows a plot of contact force (positiv e force
is shown down) vs. time for three differe nt voltage s
on a typical motor-r elay system.
It also shows
how dynamic weld breakin g force is affecten by rate
of decay of coil current . Another way to look at
this dynamic operati on of the plunger assembl y is to
see the momentum of the plunger as shown in Fig. 7.
Momentum may be either positiv e or negativ e dependi ng
on the velocit y vector at that instant . Differe ntial
equatio ns of motion could be derived to fit particular situatio ns but the intent of this paper is to
point out typical causes and effects rather than
specifi c applica tion conditi ons.
In additio n to the oscilla tions of the spring-m ass
system there are two major sources of excitat ion--

magneti c fields and externa l vibratio n. When a
motor is called upon to start, current starts
flowing through the relay coil creatin g an alterna ting magneti c field. The instanta neous field
strengt h is a functio n of the magnitu de of the coil
current , the portion of the sine wave it is on, and
the positio n of the plunger .
~t locked rotor there is an excess of current
in
the relay coil above that require d for pickup.
This current creates a field which has suffici ent
pull to acceler ate the plunger upwards . As soon as
the contact s close there are two factors which
affect the main winding current . The first factor
is that the start winding is energiz ed; the rotor
starts turning ; and the impedan ce of the main
winding starts changin g. Even if the voltage
applied to the motor could be held constan t, there
would be changes in this current . This brings up
the second factor which is that the voltage at the
motor termina ls does not remain constan t. When
current starts flowing in the start winding it adds
vectori ally to the main winding current to increas e
the line current . This increase d line current creates an added voltage droop as a functio n of the
line impedan ce.(2) Reduced line voltage results in
reduced main winding current and reduced torque.
The Fig. 8 oscillog ram shows what happens to the
main winding current as the start winding comes in
and the motor acceler ates to running speed. As the
motor approac hes its running speed the main winding
current begins to decay. This rate of decreas e is
importa nt in the operatio n of a current relay and
is determi ned by such factors as:

1.
2.
3.
4.

Charac teristic s designe d and built into the
motor.
Torque availab le vs. that require d by the
load.
Line voltage .
Winding tempera ture.
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repeated several times depending on how close the'
relay pickup calibration is ~o the minimum current
available and how much excess torqucc the motor has
over the load requirement s. Low voltage, high
temperature , and hjgh relay calibration aggravau
the problem. Measurement s have been made which
sho~ as much as one ohm impedance in some refriger
ators and house wiring. If a 15 amp start w·ind ing
current is switched in on such a circuit there woulc
be approximate ly 15 volts drop at the main wjncJing
terminals. A 10% decrease in main winding c..:urrcnr
due to line voltage droop i~ not too unusual and
this could exceed the dynamic clifferentia l of therelay. Dynamic differentia l is defined as that
change in coil current required to reverse the
motion of the plunger assembly when the contacts
just close or just open .
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. I St.C.

Dropout

r1G. e

Erratic dropout can be caused by sPveral conditions
external to the relay itself. One cause would be
where the motor is just incapable of acceleratin g
to the speed where the main winding current, while
running with the start winding in, is less than the
dropout calibration of the relay. This may be
because there is not enough knee or bend-over of
the current vs. speed curve (Fig. 4). Another
reason may be that a combination of load, temperature, and voltage inhibit the required current
change. Checking for dropout with a cold motor
and high voltage does not always create the maximum current condition. In the case where a motor
is heavily loaded, it could be required to run at
a lower speed at low voltage in order to develop
enough torque, and consequentl y draw more current
than it would at a higher voltage and higher speed.
This is not a common problem but it has been
observed.

The relay plunger's pos~t~on is determined by the
magnitude of the magnetic field but its motion is
affected by the change in the field.
External vibration sources also contribute to the
excitation of the plunger assembly. This is a
variable whose amplitude and direction is a function
of whether the compressor is a rotary or piston and
how the motor is suspended in the shell. Initial
starting exerts a force on the relay mounting during
the time the plunger assembly is moving. Any of the
other factors, such as excess oil, which cause
compressor vibrations will also shake the relay.
During the fraction of a second that a current
relay is operating it is subjected to the vibration system of its own plunger assembly with the
excitation of a changing magnetic field and
external vibrations transmitted through its
mounting. Normally the system works faultlessly ,
but there are some combination s of conditions that
are marginal and deserve close scrutiny.
DYNA~IC

SYSTEM PROBLEMS

Most of the relay problems fall into one of three
categories. These are: erratic pickup, erratic
dropout, and contact welding. The effect of these
problems will be a variable depending on the
tolerance of other components on the system and
the cause of these problems can be completely
remote from the relay itself.

Erratic pickup is usually characterize d by premature
re-opening of the contacts and disconnecti ng the
start winding with a resultant loss of torque.
The most common source of this problem is a relatively high impedance line between the power line
and the m;tor terminals. This includes the wiring
harness, particularl y the switches and terminal
connections . The sudden decrease in main winding
current just when the start winding is energized
may be sufficient to cause the relay to dropout
before the motor hepins to ~·:k up speed. As soon
as the contacts opPn the curr"-nt increases again
and the relay picks back ~p. This could be
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Referring back to the pull and load curves in
Fig. 5 it can be seen that at point 'B' there is a
balance between'the pull and the load at the dropout point. When the dynamic motion of the plunger
assembly is coupled with the oscillating exciting
forces a condition could exist whereby the contacts
are dancing around with essentially zero contact
pressure. If this condition exists for some finite
time a small tack weld may be created. This would
mean th~t the pull would have to be decreased
further, i.e., the current would have to drop more,
in order for gravity to overcome this holding force
and open the contacts. The strength of the weld
would determine how much additional reduction of
current is necessary. External vibration might
possibly be helpful or harmful to this condition.
It might be enough to break the weld or the arcing
contacts may weld tighter.
Welding
Contact welding may occur without causing the com··
pressor to fail o:r . "'ating a nuisance type service
call. Welds can be classified by their relative
strength. The weakest weld is a 'run weld' or a
'tack weld' which lasts only so long as the motor
is running. As soon as the motor is shut off the
plunger no longer has any upward attraction so th~
full force of gravity is available to break the

weld. If the weld does not break when the coil
current is reduced to zero, it is classifie d as the
next stronger type, or just 'weld'. The stronges t
weld is one which does not break after repeated
attempte d starts and overload trips (arbitra rily set
at three. times). This is classifie d as a 1 solid
weld' and is the ultimate failure.
Another type of contact weld could be the result of
a plum;er assembly hang-up at the contact kiss
position . This is not the fault of the contact
action but is usually caused by an excessiv ely
high current in the relay coil. This high current
could be from a heavy load on the motor causing it
to run at a lower speed or from some insulatio n
failure. Whatever the source, the result is an
overheat ed coil which blisters the plastic barrel,
binding up the plunger on its next upward stroke.
There is another cause of contact welding that
needs to be discusse d. This is the one resultin g
from the use of a current relay on a capacito r
start, capacito r run motor. Fig. 9 shows the
wiring connecti ons where a current relay and start
capacito r might be added to a permanen t split capacitor motor to increase its starting capabili ty.
There is a finite time delay between when the run
capacito r is energize d and the closing of the
contacts . (Fig. 8) The loop between the two capacitors and the relay contacts is almost a short circuit so, if one capacito r is out of phase with the
other when the contacts close a high circulat ing
current is made by the contacts . This acts like a
capacito r welder on the contacts . It is not
recommen ded that a current relay be used on this
type of applicat ion. Even the addition of a
bleed resistor on the start capacito r does not
solve the problem.
APPLICATION TESTING
In order to determin e if a current relay meets the
requirem ents of an applicat ion two basic question s
must be answered . The first one is "Bow does the
system perform? " and the second one is "How long
will it last?"
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1.
2.

3.
4.

s.
6.

Minimum and maximum
Minimum and maximum
Minimum and maximum
Minimum and maximum
Minimum and maximum
Minimum and maximum
temperat ures.

relay calibrat ions.
motors.
line voltages .
loads on the compress or.
line impedanc es.
motor winding

A good applicat ion is one where a clean start and
accelera tion to running speed is demonstr ated under
all the above conditio ns. Sometime s this is not
possible and in those cases, the decision about
what to do is easier to make if all the alternatives are known. A shift upward or downward in
relay calibrat ion may cure one problem, but its
effect on others must be examined .
LIFE TESTING
After making the best applicat ion possible , the
question still exists as to whether this combination of compress or and relay will last the required
life. The [i. Jt step in this process is to establish a realisti c life requirem ent as a number of
start-sto p cycles. All of the major componen ts
in the system should be examined in this process.
For example, it is ridiculo us to specify that a
relay should last for 'X' number of operatio ns if
i t is known that only 'X/10' operatio ns is the
maximum life of the compress or. This is demandin g
and paying for quality not needed.
The best way to determin e the life of a system is
to test the complete system. Any simulati on or
substitu tion is a comprom ise and should be recognized as such. The next best test would be on a
running compress or with simulate d load and
impedanc e conditio ns. Next to this would be a
test on running motors which have the same characteristic s as the compress or motors. On and off
switchin g of the relay with inductiv e loads is less
desirabl e and the same thing with resistiv e load is
the least. A relay will behave differen tly on all
of these tests. The dynamic weld breaking forces
and contact bounce are function s of the rate of
decay of coil current in the drop out range and the
rate of buildup of coil current in the pickup range.
(Fig. 6)
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The best way to arrive at the answer to the first
question is by applicat ion testing. Tt is best
that this be done on the end product, but if that
is not possible , then the effects of the end product should be factored in. Since the action is
all over in a fraction of a second, measurin g or
monitori ng equipmen t should have a fast response
time such as an oscillosc ope or an oscillog raph.
The followin g test conditio ns should be establish ed.

~~-------
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FAILURE CRITERIA
~1at

constitu tes a failure must also be defined.
If the contacts do not close, the motor sees a
locked rotor, run winding only, conditio n. Normally
the overload protecto r would function and the relay
would get anothe4 try when the protecto r resets.
If it function s this time. probably no one would
ever know, but how many trials would be allowed
befoJ:"e a service call is necessar y?
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Failure to open the contacts may be the result of a
run welrl, o. weld, or a solid weld. As to whether
or not one of these is a failure depends on the
ability of the system to tolerate it. If a unit
has protection against running with the start
winding in, then a run weld or a "'eld would go
unnoticed. But if there is no protection the
first run weld may burn out the start winding. A
solid Peld is always considered a failure.
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A third type of failure would be drift out of
calibration to the point where the system F01..!ld not
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are such major factors in the calibration and
neither of them drifts. (Fig. 5)
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motor to start and stop under the test conditions.
Mounting of the relay cau be either remote or on
the compressor but it should be recognized that
this !ilOUnting could affect the number of operations
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test conditions and the mode of failure may change.
However, there is some relationship between life
and start winding current and it can be utilized
to make some predictions if the consequences of an
error in the prediction is not too great.
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When a relay manufacturer is called upon to predict
the failure rate of his product at a given value of
start winding current and a given number of operations, he must qualify his answer. The test conditions and criteria of failure must be established
before any meaningful predictions can be made.
Once these are agreed upon however, the relay supplier should be able to furnish to the systems
engineer all the data he needs to make a good
reliable application.

359

1.

Hahn, G. J., and Shapiro, S. S.,
"Statistical Modes in Engineering",
pp 108-111, John Wiley & Sons, Inc.

2.

Woods, L. 0., "Systems Approach to MotorStarting Relay Applications," Appliance
Engineer, pp 36-43, Oct. 1971

